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In Brief
Nomoto and Lima show that neural
responses to male conspecifics in the
ventromedial hypothalamus are
enhanced in sexually receptive female
mice during initial social interactions.
This enhancement could drive gender-
specific and reproductive state-
dependent sociosexual behavior.
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Summary
Social encounters often start with routine investigatory be-
haviors before developing into distinct outcomes, such as
affiliative or aggressive actions. For example, a female
mouse will initially engage in investigatory behavior with
a male but will then show copulation or rejection, depend-
ing on her reproductive state. To promote adaptive social
behavior, her brain must combine internal ovarian signals
and external social stimuli, but little is known about how
socially evoked neural activity is modulated across the
reproductive cycle [1]. To investigate this, we performed
single-unit recordings in the ventrolateral region of the
ventromedial hypothalamus (VMHvl) in freely behaving,
naturally cycling, female mice interacting with conspecifics
of both genders. The VMHvl has been implicated in rodent
sociosexual behavior [2, 3]: it has access to social sensory
stimuli [4–8] and is involved in aggression and mating [9–
11]. Furthermore, many VMHvl neurons express ovarian
hormone receptors [12, 13], which play a central role in fe-
male sociosexual behavior [14–16]. We found that a large
fraction of VMHvl neurons was activated in the presence
of conspecifics with preference to male stimuli and
that the activity of most VMHvl neurons was modulated
throughout social interactions rather than in response to
specific social events. Furthermore, neuronal responses
to male, but not female, conspecifics in the VMHvl were
enhanced during the sexually receptive state. Thus, male-
evoked VMHvl responses are modulated by the reproduc-
tive state, and VMHvl neural activity could drive gender-
specific and reproductive state-dependent sociosexual
behavior.
Results
To study how socially evoked responses of the ventrolateral
region of the ventromedial hypothalamus (VMHvl) neurons
are modulated by the hormonal reproductive state, we per-
formed single-unit recordings in freely behaving female mice
while they interacted with males or females (Figure 1A). Since
subject animals had regular estrous cycles, we were able to
investigate neuronal responses during two different reproduc-
tive states: estrous (sexually receptive) and non-estrous (not
receptive). Because we were interested in the investigatory
phase of social behavior, copulation was not allowed during
the chronic single-unit recording experiments in order to avoid
pregnancy or pseudopregnancy (which would lead to pro-
found neuroendocrinological changes and cause the female
to be in a different physiological state [17]).*Correspondence: susana.lima@neuro.fchampalimaud.orgFemales Interact Differently with Males and Females, but
There Is No Effect of the Reproductive State on Initial
Investigatory Behavior
We first investigated the subject female’s behavior during so-
cial interactions. We examined several behavioral measures,
including the mean duration of the interaction (Figures 1B
and S1; see Experimental Procedures for a list of behavioral
measures) and behavioral occupancy maps that indicate the
position of the nose of the subject animal relative to the stim-
ulus (Figures 1C–1E; it indicates how the subject animal
is interacting with the stimulus animal). The subject female
showed different behavioral patterns depending on the
gender of the stimulus animal. The subject female spent
more time interacting with males than with females (Figure 1B)
and performed less anogenital investigation toward males
than toward females (Figures 1D and 1E). In contrast, there
was no effect of the reproductive state of the subject female
on her behavior during social interactions (Figures 1B, 1D,
1E, and S1). The behavior of the stimulus animal was also
not modulated by the reproductive state of the subject fe-
male, except for a tendency of stimulus males to approach
the female with shorter latencies when she was sexually
receptive (Figure S1). Taken together, we conclude that the
reproductive state of the subject female does not generally
affect initial investigatory behavior.
Social Behaviors before Copulation Do Not Predict
whether Females Are Sexually Receptive
To investigate how social interactions between females and
males would unroll depending on the reproductive state, we
conducted separate behavioral experiments during which
copulation was allowed (w20–60 min). We confirmed the
finding that initial investigatory behavior was not modulated
by the reproductive state (Figures 2A and S2A). Furthermore,
we found that social behaviors involving the estrous females
were not significantly different from those involving the non-
estrous females during the entire interaction (Figures 2A
and S2B). This is in sharp contrast with the observation that
the reproductive state heavily influenced female sexual
behavior (Figure 2B). Whereas none of six non-estrous fe-
males copulated with males, five out of six estrous females
showed copulatory behavior (mean latency to the first intro-
mission, 1,055.8 6 198.9 s, n = 5; three of these females
received ejaculations). Although the males tended to attempt
more mountings toward the estrous females (Figure 2C), they
did so only after 30 min from the start of the interaction (Fig-
ure 2A). These results suggest that social behaviors before
copulation do not predict whether females will later engage
in copulation.
VMHvl Neurons Have Variable Gender Selectivity and
Modest Spatial Information around the Interaction Partner
We recorded 89 individual VMHvl units (16 neurons were re-
corded in the two different reproductive states, constituting
a total of 105 recordings; Figures 3A and S3). The baseline
firing rate of VMHvl neurons was low (2.65 6 0.30 Hz; n = 89),
and a large fraction of neurons responded to the stimulus
animal with preference to male stimuli (72% and 46% of 105
Figure 1. Female Mice Exhibit Gender-Specific Behavior with No Influence of the Reproductive State
Orange indicates estrous (n = 14 sessions); blue indicates non-estrous (n = 41 sessions). Data represent mean 6 SEM.
(A) Schema of the behavioral paradigm.
(B) An example of behavioral measures: mean duration of interaction. *p < 0.05 for main effect of the gender of the stimulus animal, two-way ANOVA.
(C) Schematic representations of how to create behavioral occupancy maps.
(D) Behavioral occupancy maps around the stimulus animal. Color indicates the probability of the subject female being at that particular location. The maps
in the lower row are zoomed-in images of the maps in the upper row. The cartoon of the reference mouse is shown next to the map (its size is scaled to the
map size).
(E) Head-tail preference index (1 represents preference toward the head area, 21 represents preference toward the tail area, and 0 represents no prefer-
ence). ***p < 0.001 for main effect of the gender of the stimulus animal, two-way ANOVA.
See also Figure S1.
590recordings for males and females, respectively; p = 0.006, c2
test). To understand how neuronal activity is modulated during
social interactions, we constructed firing rate maps in which
neural firing rates were mapped onto the behavioral occu-
pancy maps. Figures 3B–3D show example response patterns
of three VMHvl neurons that were activated bymales, females,
and both genders, respectively. To quantify gender selectivity,
we performed receiver operating characteristic (ROC) analysis
[18, 19]. We used the area under the ROC curve (auROC; A
versus B) as an index for gender selectivity with a range from
0 to 1, where 0 represents ‘‘preference to B,’’ 1 represents
‘‘preference to A,’’ and 0.5 represents no selectivity. At the
population level, VMHvl neurons had variable responses to
both males and females (Figure 3E; average auROC; male:
0.58 6 0.02; female: 0.56 6 0.01). Across neurons, we found
that male selectivity was strongly correlated with female
selectivity (Spearman’s r = 0.66, p < 0.001, Spearman’s rank
correlation test). We did not find evidence of anatomical segre-
gation: the average auROC did not change along the antero-
posterior axis (p > 0.10, one-way ANOVA; Figures S3E and
S3F).
The activity of VMHvl neurons also differed in spatial selec-
tivity around the stimulus animal, ranging from diffuse firing
(e.g., Figure 3B) to localized firing near the stimulus animal
(e.g., Figure 3C; Movie S1; activated when sniffing the ano-
genital area of the stimulus female). To assess spatial selec-
tivity around the interaction partner, the information ratewas computed for firing rate maps [20]. Since firing rate
maps are constructed around the interaction partner, high
spatial information rate could result from a situation where
the neuron is activated when the subject female performs a
specific behavior on the stimulus animal. The results show
that VMHvl neurons carry modest spatial information (Fig-
ure 3F; average, 0.52 bit/s). Thus, while a minority of VMHvl
neurons were activated during specific social interactions,
the activity of most VMHvl neurons was modulated indepen-
dently of the relative position to the stimulus animal. Addition-
ally, we found that the neurons recorded at the most anterior
level had significantly lower information rate compared
to those recorded at more posterior levels (p < 0.05, post
hoc Tukey-Kramer test after significant one-way ANOVA;
Figure S3G).
Male-Evoked VMHvl Responses Are Enhanced during
Sexually Receptive State
We investigated the effect of the reproductive state on the ac-
tivity of VMHvl neurons by comparing the activity of neurons
recorded in the estrous state to those recorded in the non-
estrous state. Figure 4A shows the response of a neuron
recorded in both states that was modulated by the repro-
ductive state. This neuron showed male-evoked, but not
female-evoked, firing specifically in the estrous state. At the
population level, VMHvl neurons showed significantly greater
male-evoked firing during the estrous state than during
Figure 2. Social Behaviors before Copulation Are Not Correlated with
Female Sexual Receptivity
Orange indicates estrous (n = 6 animals); blue indicates non-estrous (n = 6
animals). Data represent mean 6 SEM.
(A) Number of events per 5 min as a function of time. Males showed more
mounting behavior toward estrous females after 30 min (p = 0.016, Mann-
Whitney U test).
(B) Female sexual behavior: the proportion of female mice that copulated
with males and lordosis quotient (the ratio of the number of intromis-
sion to the number of mounting attempts multiplied by 100). *p < 0.05,
t test.
(C) Male mounting behavior: frequency and latency to the first mounting.
See also Figure S2.
591non-estrous states (Figure 4B; 4.90 6 0.90 Hz versus 2.90 6
0.43 Hz; p = 0.026, permutation test). The proportion of male-
responsive neurons was also significantly higher during the
estrous state compared to during the non-estrous state (Fig-
ure 4C; p = 0.012, c2 test). In contrast, we observed no modu-
lation by the reproductive state of neuronal responses to the
stimulus female (Figures 4B and 4C). Baseline firing rates in
the absence of stimulus animals were slightly higher in the
estrous state, but not statistically greater than those in the
non-estrous states (3.41 6 0.57 Hz versus 2.38 6 0.32 Hz,
p = 0.095, permutation test). Finally, reexamination of gender
and spatial selectivity showed no effect of the reproductive
state on these measures (Figure S4).
Discussion
Our results show that the sexually receptive state in females
is correlated with an enhancement in the neuronal response
of VMHvl neurons to males during the investigatory phase of
social behavior. Although some pioneering work investigated
copulation-related activity of hypothalamic neurons in
behaving females during the sexually receptive state [21–
23], little is known about how ovarian hormones influence
neuronal activity during social interactions [1]. To our knowl-
edge, the present finding is the first electrophysiological
evidence that the activity of hypothalamic neurons is modu-
lated during social encounters, in a gender-specific and
reproductive state-dependent manner. Since initial investi-
gatory behavior is essential to many, if not all, social behav-
iors, our findings will have implications not only for female
sexual behavior but also for other social behaviors, suchas aggression, social fear, and male copulatory behavior,
where the contribution of VMHvl has recently been reported
[24–27].
We found that female behavior was differently modulated
by the gender of the stimulus animal during the initial inves-
tigatory phase, indicating that the animals could discriminate
the gender of their partners and change their behavior
accordingly. Surprisingly, we did not find significant effects
of the reproductive state on the initial investigatory behavior
of both subject and stimulus animals: females that had
copulation with males showed similar social behavior
compared to the females that rejected males’ mounting at-
tempts. We cannot rule out the existence of other channels
of communication, including vocalizations [28, 29], or the
execution of more subtle behaviors that were not detected
by our behavioral analysis. However, our finding is consis-
tent with previous work showing that female attraction
behavior toward males is not modulated by hormonal manip-
ulations [30].
We found gender-specific responses in VMHvl neurons.
Particularly, there were more male-responsive neurons in the
female VMHvl than female-responsive neurons. This is consis-
tent with previous findings showing that VMHvl neurons are
activatedwith preference to the opposite gender in bothmales
and females [24, 31, 32], which may reflect biological signifi-
cance. We also found that most VMHvl neurons have modest
spatial information around the interaction partner. This indi-
cates that activity of VMHvl neurons is modulated throughout
social interactions rather than in response to specific social
events, which is similar to previous findings in males, where
VMHvl neurons encode aggressive motivation in a persistent
manner [24, 27]. The analysis of the recording sites within the
VMHvl suggests that there might be anatomical segregation
of spatial selectivity, but not gender selectivity. This might
reflect a difference in connectivity along the anteroposterior
axis [33, 34]. Taken together, our results support the idea
that VMHvl activity encodes the motivational state of the
animal [24, 27].
Our main finding is that male-evoked VMHvl responses
are enhanced during the sexually receptive state. This result
suggests the existence of gender-specific inputs to VMHvl
neurons and the ability of these inputs to be differentially
modulated by ovarian hormones. The gender-specific inputs
might be transmitted to the VMHvl through the main olfac-
tory bulb-to-medial amygdala pathway [32]. In addition, the
VMHvl has rich expression of ovarian hormone receptors
[12, 13], granting this hypothalamic nucleus the capability
of being modulated by ovarian hormones through multiple
mechanisms: increased neuronal responsiveness (as shown
in vitro [35] and in anesthetized animals [36]) and changes
in dendritic morphology [37–39]. Changes in dendritic
morphology, in particular, the expansion of the dendritic har-
bor of VMHvl neurons, may allow different neuromodulatory
inputs (e.g., oxytocin) to alter the activity of specific cell
populations in the VMHvl [39]. Accordingly, gender-specific
and reproductive state-dependent enhancement of VMHvl
activity could be achieved by ovarian hormone-induced
facilitation of afferent pathways that are activated preferen-
tially by the opposite gender. An important future step
will be to use optogenetic tools [40–42] to determine
which neuronal populations within the VMHvl change their
properties to male stimuli across the reproductive cycle
and how those neurons impact downstream areas such
as the periaqueductal gray. Neurons expressing ovarian
Figure 3. Electrophysiological Properties of
VMHvl Neurons during Social Investigation
(A) A schematic drawing illustrating the record-
ings and a Nissl-stained section showing a repre-
sentative recording site within the VMHvl. The
dashed line delineates the VMH. The arrow indi-
cates the microlesion. The scale bar represents
500 mm.
(B–D) Firing maps of three example neurons with
different response patterns. Color indicates the
mean firing rate at the particular location. The
baseline firing rate is indicated by an arrowhead
in the color bar. A neuron in (B) was activated
diffusely during the male block; a neuron in (C)
showed localized responses at the anogenital
area of the stimulus female (see also Movie S1);
and a neuron in (D) had localized responses at
the anogenital area of the stimulus animal of
both genders.
(E) Gender selectivity: male selectivity is plotted
against female selectivity. Estimated densities
are shown on the top and the right. Example neu-
rons are indicated by the letters.
(F) Spatial selectivity around the interaction part-
ner: the spatial information rate is plotted against
male-female selectivity. Estimated densities are
shown on the top and the right. Example neurons
are indicated by the letters.
See also Figure S3.
592hormone receptors will provide a particularly interesting
target [16, 26].
Experimental Procedures
For details, please see the Supplemental Experimental Procedures. All
procedures were reviewed and performed in accordance with the Cham-
palimaud Centre for the Unknown Ethics Committee guidelines and
approved by the Portuguese Veterinary General Board. Single-unit record-
ings were performed in the VMHvl of seven female C57BL/6 mice during
the dark period of light/dark cycle (Omniplex system, Plexon; a movable
16-channel electrode drive, Innovative Neurophysiology). The estrous
phase was determined by daily vaginal lavage. BALB/c or FVB/N mice
were used as stimulus animals. Our experimental paradigm consisted of
several blocks (0.5–5 min) during which the subject animal was allowed
to interact with a male stimulus, a female stimulus, or an object. No stim-
ulus was presented during the control block. We did not allow the animals
to copulate during the recording experiment. The stimulus animal was
removed if it showed excessive aggression or started to copulate with
the subject female. The positions of two animals were detected by
custom-made software. Three behaviors were annotated (approach, with-
drawal, interaction) [43]. Four measures were computed for each behavior
(frequency, duration, latency, and the percentage of time engaged). To
analyze the behavior of the subject female during social interactions, oc-
cupancy maps were created around the interaction partner (Figure 1C).
Head-tail preference index was defined as (h 2 t)/(h + t), where h and t
indicate the probability of the subject female being in the two spatial
bins around the head and tail of the stimulus animal, respectively. The
baseline firing rate was defined as the mean firing rate during the control
block. A single neuron was considered responsive if the distribution of the
interspike intervals during the stimulus block was significantly different
from that during the control block (p < 0.01, two-tailed Kolmogorov-Smir-
nov test). Responsive neurons were further classified into two types based
on mean firing rate: excited and inhibited types. To quantify gender selec-
tivity, we performed ROC analysis [18, 19]. To quantify spatial selectivity,
we computed information rate about the firing rate map [20]. To examine
the effect of the reproductive state on the firing rate, we performed apermutation test on the difference in the mean
firing rate between the two reproductive states.
In order to examine how social interactions be-
tween females and males develop dependingon the reproductive state, we conducted separate behavioral experiments,
where copulation was allowed (w20–60 min). Six behaviors were anno-
tated manually (interaction, female approach, male approach, male
mounting, male intromission, male ejaculation). Lordosis quotient was
defined as the ratio of the number of intromissions to the number of
mounting attempts multiplied by 100. Data were represented as mean 6
SEM in the main text.
Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, four figures, and one movie and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2014.12.048.
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Figure 4. VMHvl Activity in Response to Males Is
Modulated by the Reproductive State
Orange indicates estrous (n = 29 recordings);
blue indicates non-estrous (n = 76 recordings).
(A) Firing maps of two successive recordings
from an example neuron showing responsemod-
ulation by the reproductive state. The legends are
the same as in Figure 3B. For each recording, the
average waveform (black) and 50 evenly sampled
waveforms (gray) are shown (point-by-point
Pearson’s r = 0.98 between two average wave-
forms).
(B) Population activity of VMHvl neurons aligned
with the block start. Lines with shades show
mean 6 SEM. Stimulus-evoked responses were
defined as the mean firing rate during the interval
from 2 s to 7 s after the block start indicated by a
black bar above population activity (male:
4.90 Hz and 2.90 Hz, p = 0.026; female: 3.79 Hz
and 2.86 Hz, p = 0.25; stimulus-evoked re-
sponses of the estrous and non-estrous states,
and p value from permutation test). *p < 0.05.
(C) Proportion of stimulus-responsive neurons.
Stimulus responsiveness was evaluated by
comparing distributions of interspike intervals
(p < 0.01, Kolmogorov-Smirnov test). Filled bars
indicate the proportion of stimulus-excited type,
and open bars indicate the proportion of stim-
ulus-inhibited type. *p < 0.05; c2 test.
See also Figure S4.
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